SUMMARY. We studied the effects of developing, peak, and stabilized cardiac hypertrophy on the capillary bed of spontaneously hypertensive rats; Wistar-Kyoto rats served as controls. Histological measurements were based on 1.5-/xm cross-sections of left ventricular specimens from perfuse-fixed hearts arrested in diastole. The decline in capillary density, in general, paralleled the decrease in capillary surface area which was lowest at peak hypertrophy (7 months) in spontaneously hypertensive rats. Between 7 and 15 months cardiocyte diameter remained constant and capillary density increased to Wistar-Kyoto rat values. Radioautographic data showed that in 12-month-old spontaneously hypertensive rats, 3 H-thymidine labeling of capillary nuclei was more than 2-fold higher than in Wistar-Kyoto rats. Mean capillary diameter increased in both spontaneously hypertensive and Wistar-Kyoto rats between 1 and 2.5 months, but remained constant thereafter. Whereas multiple regression analysis showed that capillary density is the major determinant of capillary surface area, significant changes were detected earlier in capillary surface area than in capillary density. Although peak cardiac hypertrophy affected a 12.5% capillary density decrement in spontaneously hypertensive rats, capillary surface area was 24% lower than in Wistar-Kyoto rats. This substantial decrease in capillary surface area was associated with only a 1.1-jU.m decrease in minimal intercapillary distance. Since mean capillary diameter was similar in the two strains, it is suggested that the drop in capillary surface area during peak hypertrophy was due to a relative decrease in anastomotic and branching capillaries, as well as the decline in capillary density. These data provide morphological evidence that: (1) whereas capillary density is, in general, a good predictor of capillary surface area, the latter is a more sensitive measure of capillarity than the former; (2) the decrement in capillary supply to a cardiocyte during peak, but moderate, hypertrophy is probably substantially greater than that estimated by capillary density; and (3) capillary growth during stabilized hypertrophy is sufficient to reverse the decrements in capillary surface area, capillary density and the increase in minimal intercapillary distance. IT IS well established that the increase in myocardial mass associated with pressure overload significantly reduces capillary density (Wearn, 1941; Rakusan and Poupa, 1966; Rakusan et al., 1967; Lund and Tomanek, 1978) . Such data suggest that capillary growth during this type of cardiac hypertrophy is either inadequate or nonexistent. In contrast, recent work in our laboratory has shown that the decrement in capillary density that occurs during the development of caridac hypertrophy in the spontaneously hypertensive rat is reversed as hypertrophy stabilizes (Tomanek and Hovanec, 1981) . Such data suggest that capillary density is normalized by a proliferation of endothelial cells.
SUMMARY. We studied the effects of developing, peak, and stabilized cardiac hypertrophy on the capillary bed of spontaneously hypertensive rats; Wistar-Kyoto rats served as controls. Histological measurements were based on 1.5-/xm cross-sections of left ventricular specimens from perfuse-fixed hearts arrested in diastole. The decline in capillary density, in general, paralleled the decrease in capillary surface area which was lowest at peak hypertrophy (7 months) in spontaneously hypertensive rats. Between 7 and 15 months cardiocyte diameter remained constant and capillary density increased to Wistar-Kyoto rat values. Radioautographic data showed that in 12-month-old spontaneously hypertensive rats, 3 H-thymidine labeling of capillary nuclei was more than 2-fold higher than in Wistar-Kyoto rats. Mean capillary diameter increased in both spontaneously hypertensive and Wistar-Kyoto rats between 1 and 2.5 months, but remained constant thereafter. Whereas multiple regression analysis showed that capillary density is the major determinant of capillary surface area, significant changes were detected earlier in capillary surface area than in capillary density. Although peak cardiac hypertrophy affected a 12.5% capillary density decrement in spontaneously hypertensive rats, capillary surface area was 24% lower than in Wistar-Kyoto rats. This substantial decrease in capillary surface area was associated with only a 1.1-jU.m decrease in minimal intercapillary distance. Since mean capillary diameter was similar in the two strains, it is suggested that the drop in capillary surface area during peak hypertrophy was due to a relative decrease in anastomotic and branching capillaries, as well as the decline in capillary density. These data provide morphological evidence that: (1) whereas capillary density is, in general, a good predictor of capillary surface area, the latter is a more sensitive measure of capillarity than the former; (2) the decrement in capillary supply to a cardiocyte during peak, but moderate, hypertrophy is probably substantially greater than that estimated by capillary density; and (3) capillary growth during stabilized hypertrophy is sufficient to reverse the decrements in capillary surface area, capillary density and the increase in minimal intercapillary distance. (Circ Res 51: [295] [296] [297] [298] [299] [300] [301] [302] [303] [304] 1982) IT IS well established that the increase in myocardial mass associated with pressure overload significantly reduces capillary density (Wearn, 1941; Rakusan and Poupa, 1966; Rakusan et al., 1967; Lund and Tomanek, 1978) . Such data suggest that capillary growth during this type of cardiac hypertrophy is either inadequate or nonexistent. In contrast, recent work in our laboratory has shown that the decrement in capillary density that occurs during the development of caridac hypertrophy in the spontaneously hypertensive rat is reversed as hypertrophy stabilizes (Tomanek and Hovanec, 1981) . Such data suggest that capillary density is normalized by a proliferation of endothelial cells.
Capillary density is regarded, generally, as an appropriate index of the extensiveness of the capillary bed. Thus, a decrement in this index should reflect an anatomical deficiency which might limit myocardial perfusion during conditions requiring full utilization of the coronary reserve. Although the number of capillaries per cross-sectional area presumably constitutes a good approximation of the total complement of such vessels, this index does not take into account the extent of anastomosing and branching capillaries or possible variations in capillary diameter, conditions which could alter the volume and surface area of these exchange vessels.
This rationale and the previous work cited above, demonstrate the need for a more critical morphometric evaluation of the capillary bed during growth and hypertrophy. Accordingly, we studied the myocardial bed in spontaneously hypertensive and normotensive rats during various stages which represent important changes in myocardial cell and capillary growth. This study was based on the hypothesis that variations in capillarity can be accounted for by changes in cardiac mass and endothelial cell proliferative activity.
Methods
Spontaneously hypertensive (SHR) and normotensive Wistar-Kyoto (WKY) rats were studied at ages representative of: (1) prehypertension (1 month), (2) developing hypertension (2.5 month), (3) established hypertension and hypertrophy (7 months), and (4) stabilized hypertrophy (15 months). The selection of these age groups was based on previous work in our laboratory characterizing cellular hypertrophy and composition, and capillary density in these strains during their entire life span (Tomanek & Hovanec, 1981) .
The animals were derived from our colony (Cardiovascular Center, University of Iowa) and maintained at a temperature of 72 ± 2°F on a diet of Purina Lab Chow and tap water (ad libitum). Blood pressures were recorded weekly by the tailcuff method, as previously described , Tomanek, 1979 ). We did not obtain blood pressures from the 1-month-old animals because of the technical difficulties inherent in applying tailcuffs to animals of this size. Direct measurement of systolic blood pressure (unpublished data from our laboratory) in 1-month-old WKY and SHR indicates that all animals have pressures <110 mm Hg and that no significant difference exists between the two groups.
Morphometric Data
At the time of sacrifice, the animal was anesthetized with sodium pentobarbital (Nembutal), 50 mg/kg, ip, and artificially respirated. After thoracotomy, heparinization, and cardiac arrest in diastole with Procaine, the heart was perfused in a retrograde direction via the ascending aorta. The details of this procedure used to rapidly fix the myocardium with a cadodylate-buffered glutaraldehyde solution have been previously described in detail (Tomanek and Karlsson, 1973) . The perfusion pressure, as measured directly via aortic cannulation, was 120 ± 10 mm Hg. Vascular resistance was minimized by adding 10 mg Procaine to the 30 ml Lockes solution (37°C) which was perfused just prior to the fixative.
Tissue specimens, approximately 1 mm thick, were dissected from the subepicardial portion of the myocardium with the aid of a stereoscopic microscope. Care was taken to remove only the outer bundle of fibers which had a common orientation. Following post fixation in 1% OsC>4 and dehydration in ethanol, the specimens were embedded in Epon and, subsequently, 1.5-jum cross-sections were cut on an ultramicrotome. The sections were mounted on glass slides and stained with Richardson's solution.
Images of the tissue sections were projected onto drawing paper (1440X), and the luminal outlines of all capillaries were traced. The method of tissue preservation described above, minimized shrinkage and the exaggerated extracellular spaces associated with this artifact. All of the fields selected for capillary data contained tightly packed myocytes and capillaries with virtually no visible separation of cells. The microscope stage was moved until the capillaries from several fields were traced yielding approximately 300-450 capillaries. All fields selected showed evidence of good tissue preservation (judged by intensely staining cells with dark mitochondria) and round capillary lumens.
Morphometric data were obtained directly from the capillary outlines. Capillary density was determined by the number of capillaries per prescribed area and expressed as capillaries/100 fim 2 . Capillary surface area was determined by measuring the length of the luminal surface of all capillaries with a digitizer interfaced with a programable calculator. By totaling these values and expressing them as capillary surface area (/im 2 )/tissue volume (^m 3 ), we obtained an estimate of the capillary surface area in relation to myocardial mass. This variable, therefore, reflected not only the surface area of longitudinally oriented capillaries, but also the less common oblique and transverse profiles representing branching and anastomoses. Mean capillary diameter was calculated from the perimeters of only those capillaries which were round and representative of crosssectional profiles (i.e., longitudinally oriented capillaries which were cut in cross-section). Approximately 80-90% of the capillaries in each field met this criterion. Therefore, mean capillary diameter, as reported here, is not biased by capillary branching and anastomoses.
Having determined capillary density and mean diameter, we were able to calculate mean intercapillary distance (ICD) which, as defined by Honig and Bourdeau-Martini (1973) is the mean distance between the edges of adjacent capillaries. These calculations were based on the formulas for an hexagonal array (Bassingthwaighte et al., 1974) where the center-to-center distances between capillaries is the distance between parallel sides (h) of the hexagon. The total tissue area (A) is: N (3) 1/2 h 2 /2, where N = the number of capillaries (density). To estimate the ICD for a given specimen, it was necessary to subtract the mean capillary diameter (X) for each specimen from the value of h according to the formula:
Since our data represent all capillaries, ICD is analogous to minimal ICD expressed by investigators who studied hearts in vivo.
For each specimen, we traced the outlines of approximately 30 cross-sectioned myocardial cells in which a nucleus was evident. By measuring only the cell profiles which were representative of the nuclear region, we eliminated profiles of cell branches. This procedure was accomplished by the same method described for capillary outlines. Because of the dense packing of cells in our tissue slides, it was necessary to select only those which were separated sufficiently so that their borders could be discerned. The myocardial cells at the periphery of the section were usually most suitable for this purpose. Subsequently, the area of each cell outline was measured with a Talos digitizer, and mean cell diameter was calculated from mean cell area.
The volume of the capillary bed was estimated in 7-and 15-month-old SHR and WKY. This was accomplished by determing the cross-sectional area (CA) of the capillary bed and the total cross-sectional area of the field (TA) with the aid of a Quantimet, a video-image-analyzing computer. Capillary volume (CV) as a fraction of tissue volume (TV) was obtained from the relationship CV/TV = CA/TA, which is based on stereological principles.
Autoradiography
To determine the proliferative activity of the capillary endothelium, two doses of 1 /iCi [ 3 H] thymidine/g body weight (specific activity 6.7 Ci/mM) were injected into the external jugular vein at 7-hour intervals. Twenty-four hours after the first injection, the animal was anesthetized and the heart fixed by vascular perfusion. This procedure and the method of tissue processing was identical to that described in the previous section, with the exception that both subepicardial and subendocardial specimens were excised. Subsequently cross-sections (2 fim thick) were cut, mounted on glass slides, and coated with NTB3 photographic emulsion. After 4 weeks of exposure in dark boxes, the slides were developed, fixed, dried, and stained with Richardson's solution.
The autograms were examined under a high-power oil immersion lens in a microscope equipped with an eyepiece graticule. All labeled and unlabeled endothelial nuclei in the specimen were counted and recorded by the same investigator. Approximately 1000 endothelial cell nuclei were counted in each heart.
Three-Dimensional Capillary Structure
To assess qualitatively the three-dimensional structure of the capillary bed, we injected Bateson's corrosion cast compound (Polysciences Inc.) in a retrograde direction into the aorta in seven rats. To allow for optimal perfusion of the polymer into the microvascular bed, the viscosity of the plastic was decreased by the addition of methyl methacrylate. The anesthetic and surgical procedures were identical to those used for perfusion-fixation. A perfusion cannula was positioned in the ascending aorta via the brachiocephalic artery, while a second cannula connected to a pressure transducer and recorder was positioned at the aortic arch via the left common carotid artery. Following cardiac arrest with 50 mg Procaine, the aorta was clamped just distal to the second cannula and the heart perfused with 30 ml Lockes solution (37°C). Without interruption, 20 ml of the polymer was infused. Prior to infusion of Lockes solution, the right atrial appendage was cut to provide an outflow channel and clamped immediately after the infusion of Bateson's compound. Both solutions were injected with a syringe infusion pump and the rate of infusion adjusted to maintain aortic pressures between 130 and 150 mm Hg.
Following polymerization of the plastic compound, the free wall of the left ventricle was removed and placed in concentrated NaOH (60°) with frequent changes of NaOH and rinses in distilled H2O. After the tissue had been digested for several days, the vascular casts were placed in small wire baskets, dehydrated, and dried by the critical point method. Subsequently, they were coated with gold and examined with a scanning electron microscope.
Statistical Methods
Analysis of variance and the Scheffe method were employed to test the statistical significance of differences among group means. A stepwise regression was performed by means of the SAS procedure (SAS Institute, 1979 SAS User's Guide) to obtain the maximum R 2 at each step. A P S 0.05 was selected to test statistical significance for all variables.
Results
Body Weight, Left Ventricular Weight, and Blood Pressure These data are listed in Table 1 . Body weight was similar in 1-month-old SHR and WKY. Slightly higher body weights were recorded in the 2.5-monthold SHR compared to their controls. In the two oldest groups (7 and 15 months), the trend reversed as mean body weight was significantly higher in WKY.
Left ventricular weight in SHR was similar to WKY at 1 month but significantly higher in the 2.5-and 7-month groups. In 15-month-old SHR, left ventricular weight was almost identical to that of 7-month old SHR. When left ventricular mass was expressed as left ventricular weight/body weight (LVW/BW), this ratio in SHR exceeded that of WKY by only 14% and 10% at 1 and 2.5 months, respectively. In 7-monthold animals, the difference was 23%. On the basis of both absolute left ventricle mass and LVW/BW, it is evident that peak hypertrophy in SHR occurred by the 7th month and stabilized between 7 and 15 months.
Systolic blood pressure became significantly elevated in SHR by 2.5 months. Compared to WKY, blood pressure was 20% higher at this age and continued to increase to 7 months, at which time the difference between SHR and WKY was 40%. The peak elevation in blood pressure at 7 months corresponded to the peak cardiac hypertrophy at the same age.
Capillary Geometry
We examined coronary casts from WKY and SHR aged 2.5, 7, and 15 months. All casts showed similar capillary characteristics. As shown in Figure 1 , branching and anatomoses were frequent. Whereas these casts provided a three-dimensional model of capillary geometry, they did not lend themselves to quantitative analysis. No apparent differences were observed in the geometry characteristic of SHR and WKY at any of the ages studied.
Capillary Surface Area, Density, and Diameter Figure 2 illustrates the histological appearance of a cross-sectional field from which these indices were obtained. The consistent dense packing of myocytes characteristic of our specimens indicates that the artificial exaggeration of the extracellular space was eliminated by our method of fixation and tissue processing. The changes in the total capillary surface area/tissue volume (CSA), capillary density (CD), and capillary diameter with age are illustrated in Figure 3 . CSA, which includes all capillaries regardless of their orientation, is a measure of the area available for transcapillary exchange. In WKY, this parameter remained fairly constant after 2.5 months of age. In SHR, CSA decreased significantly by 2.5 months of age, declined further by 7 months, but increased markedly by 15 months. The latter change virtually equalized CSA in SHR and WKY.
CD paralleled these changes, which suggests that the number of capillaries, rather than their geometry, is the major contributor to CSA. However, the difference between mean CD for the two groups is significant only at 7 months of age. Whereas capillary diameter was similar for the two groups at any given age, a significant increase occurred between 1 and 2.5 months. In SHR, the increase was about half the magnitude of that found in WKY and may have contributed to the significant difference in CSA between SHR and WKY aged 2.5 months. Thus, despite the similarity in capillary density for the two groups, CSA was less in SHR than in WKY.
Intercapillary Distance and Fiber Diameter
Intercapillary distance (ICD), as computed here, is dependent upon two measures: (1) capillary density and (2) capillary diameter. In order to relate ICD to actual increases in cell diameter, we calculated the latter from our measured cross-sectional cell areas. The changes in ICD and fiber diameter with age are shown in Figure 4 . These data indicate that fiber diameter is significantly larger in SHR compared to WKY at 2.5 months and thereafter. In contrast, ICD is significantly greater in SHR only at 7 months. Thus, the ICD data correspond to the capillary density data and suggest that the latter is the major determinant of calculated ICD. Despite the fact that mean fiber diameter in 2.5-month-old SHR was 2.1 fim larger than in WKY, ICD was only 0.6 fim larger, suggesting that this stage of cellular hypertrophy in the SHR had little effect on ICD. With peak cellular hypertrophy in SHR (7 months), as indicated by a mean fiber diameter which exceeded WKY by 5.2 fim, ICD was significantly higher in SHR than in WKY. Between 7 and 15 months, mean fiber diameter showed no further increase, and ICD fell to values similar to those in the 2.5-month-old groups.
Interrelationship between Various Capillary Parameters, Strain and Age
CSA, as shown in the previous section, is primarily determined by CD. A further examination of the relationship between CSA (the dependent variable), CD, and mean diameter, as well as age, strain, and age X strain (independent variables), was performed by means of stepwise regression and the SAS procedure which obtains the maximum R 2 at each step. Neither age nor the age X strain factor had any ability to predict capillary surface area and will not be considered further. Table 2 gives the model, together with the order of entry and the analysis of variance. The overall model yields a highly significant regression indicating clear 299 relationships between the independent and dependent variables. As indicated by the P and R 2 values in the stepwise regression, capillary density and diameter both influence capillary surface area. However, the analysis shows that capillary density is the major determinant and a relatively accurate predictor of capillary surface area.
Whereas CD may be the major predictor of CSA, significant changes in CSA, if not of sufficient magnitude, may not be detected by measures of CD. This is evident in the data from 2.5-month-old SHR which suggest a decrease in CSA but no significant change in CD or diameter. To illustrate, at the cellular level, how CSA is affected by cardiac hypertrophy, we considered the increase in cell mass which might approximate that characteristic of the 7-month-old SHR (Fig. 5) . In this example cell diameter increased by 5 fim, while cell length increased 10 fim (an arbitrary, but modest estimate). If the longitudinally oriented capillaries and the anastomoses grew in proportion to the length and circumference of the cell, but with no increase in diameter, capillary surface area/cell volume of both types of vessels would decrease substantially (by 37% and 27%, respectively). Thus, unless anastomotic channels expand by branching or enhanced diameter, hypertrophy diminishes the relative surface area of these, as well as the longitudinally oriented capillaries. In addition to the dilution of CSA, the actual number of non-parallel capillaries per cell volume would decrease, thus decreasing the potential for maximal flow to the hypertrophied cardiocyte.
SST -FLGURE 2. Cross-sectional field of myocardium with parallel capillary profiles, some of which show branching or anastomoses (*). 1Z50X.

Capillary Surface Area and Diffusion Distance
Since CSA was measured directly in this study and mean diffusion distance could be readily determined as ICD/2, we plotted CSA against diffusion distance. As shown in Figure 6 , CSA was 25% lower in SHR compared to WKY at the time of peak hypertrophy (P = 0.024). Diffusion distance was higher in SHR by only 9% or about 0.5 jum (P = 0.040). The contribution of capillary anastomoses can also be appreciated from the data in Figure 6 . We calculated CSA for theoretical values of capillary densities ranging from 0.40 to 0.32 (per 100 /1m 2 ) and a mean diameter of 5.3 fim. This theoretical curve excludes the effects of branching and anastomotic capillaries. It can be seen that CSA for all of our groups was higher, although variable, than would be predicted on the basis of capillary density. Increase in myocardial mass in both SHR and WKY was associated with a relatively linear increase in mean diffusion distance and a decrease in CSA. In contrast, capillary growth during stabilized hypertrophy in SHR was such that diffusion distance between 7 and 15 months fell from 6.65 /im to 5.85 jum and CSA increased from 6.1 to 8.1 /xm 2 . Capillary volume/tissue volume, as estimated directly from microscope slides with a Quantimet, was 24% lower in SHR aged 7 months (peak hypertrophy) when compared to their age group WKY (Fig. 7) . Thus, the decrement in capillary volume associated with peak hypertrophy was almost identical to the 25% decrement in CSA. With the stabilization of hypertrophy in SHR (15 months), capillary volume, like CSA, was similar to WKY.
Capillary Endothelial Cell Proliferation
Data on nuclear incorporation of 3 H-thymidine (Fig. 8) indicate that a marked decline in the number of labeled endothelial cells occurred between 1 and 2.5 months in both SHR and WKY. The percentage of labeled capillaries at 2.5 months was less than onefourth of the values counted in 1-month-old animals. No significant differences were obtained between SHR and WKY at these ages. In 12-month-old ani- 
. Age-related changes for fiber diameter and intercapillary distance (1CD) in SHR (open circles) and WKY (closed circles).
Values are means ± SEM. * Statistically significant difference between SHR and age group control WKY (P •< 0.05). between SHR and WKY is significant (P < 0.001). These data, which suggest a higher rate of endothelial proliferation in 12-month-old SHR, are consistent with the data on 15-month-old SHR indicating a normalization of capillary density and surface area.
Discussion
Our anatomical data provide evidence for three major conclusions regarding the myocardial capillary bed during growth and hypertrophy associated with spontaneous hypertension. First, CD is the prime determinant of CSA; capillary diameter, which also affects total surface area, is relatively constant except during early postnatal growth when an increase occurs. Second, capillary proliferation during stabilized hypertrophy enables a normalization of CD and CSA, and ICD. Finally, peak hypertrophy in SHR is characterized by a larger drop in CSA (25%) than the increase in diffusion distance (9%). This deficit in CSA is due, in part, to a decrease in the relative surface area of branching and anastomotic capillaries. Capillary Surface Area, Density, Diameter, and Geometry Capillary density commonly has been used to estimate the extensiveness of the capillary bed during growth and myocardial hypertrophy (Wearn, 1941; Roberts and Wearn, 1941; Rakusan and Poupa, 1963; Rakusan et al., 1967; Rakusan, 1971; Lund and Tomanek, 1977) . Our study provides evidence that CSA can be estimated by CD. At the same time, our data indicate that mean capillary lumen diameter also contributes to changes in surface area, but to a lesser extent. If CD were the sole determinant of CSA, the correlation between density and surface area would approach 1.0. When mean capillary diameter was introduced in the stepwise regression analysis, a significant P value was obtained. Whereas a quantitative analysis of capillary geometry was not undertaken, it is evident that obliquely sectioned capillaries and capillary to capillary anastomoses obviously increase the estimate of surface area. Although the decline in CD resulting from increased myocardial cell mass contributes substantially to the decreased CSA, a decrease in the surface area of anastomoses also plays a significant role. This contention is supported by data on peak hypertrophy in SHR (7-month group) which suggests that the surface area of anastomoses is less than that of the normotensive age-group controls.
Since obliquely oriented capillaries and anastomoses increase the total CSA but not CD values, the extensiveness of the capillary bed is not entirely accounted for by the latter. Thus, as shown by our data on capillary volume/tissue volume, the decrement in CD at peak hypertrophy underestimates the potential maximal blood volume in capillaries. Since capillary diameter is similar in hypertrophic and normal hearts, our data suggest that peak hypertrophy is associated with a reduction in the relative number of capillary channels per tissue volume. Such a dilution could affect the O2 availability to the myocardial cell.
The values obtained for mean capillary diameter in the hearts fixed by vascular perfusion after arrest in diastole are relatively similar to values obtained in vivo by stop-motion photomicrographs also following arrest in diastole. Henquell et al. (1977a) reported a value of 5.31 ± 0.16 /un in rat subepicardial capillaries. Our method of obtaining measurements in hearts fixed by vascular perfusion, therefore, did not significantly distort the size of the capillaries.
In agreement with previous work (Rakusan and Poupa, 1963) CD was highest during the first month of life then fell during the second month. However, in contrast to the previous report, which was based on Sprague Dawley rats, CD in WKY was relatively stable thereafter. Despite a 23% decline in this index during the second or third month in WKY, CSA decreased only marginally. This finding can be attributed to a significant increase in capillary diameter and underscores the interaction of capillary density and diameter in determining surface area during early postnatal growth.
Proliferation of the Capillary Bed and Changes in CSA
Of considerable interest are the findings that CD and CSA attain normal (control) values as cardiac hypertrophy stabilizes. It has generally been conceded that neoformation of capillaries in pressure overloadinduced hypertrophy is either nonexistent or insufficient. The former opinion, which originated with Wearn's work (Wearn 1941; Roberts and Wearn, 1941) was given support by a more recent study which concluded that there was virtually no capillary proliferation in rat hearts enlarged by aortic constriction (Mandache et al., 1972) . Neoformation of capillaries was evident by electron microscopy in rats with exercise-induced hypertrophy but not in those with hypertrophy resulting from aortic constriction (Mandache et al., 1972) .
The claim that capillaries do not multiply during hypertrophy (Shipley et al., 1937; Roberts and Wearn, 1941) is not substantiated by more recent experimental studies. The finding that fiber/capillary ratio declined significantly during hypertrophy induced by aortic constriction was considered as evidence for a slight increase in the number of capillaries (Rakusan and Poupa, 1966) . Subsequent studies agreed that capillary growth occurs during hypertrophy associated with pressure overload but is not substantial enough to normalize capillary density (Arai et al., 1968; Ljungquist and Unge, 1973; Henquell et al., 1977b) .
Our data on WKY and SHR support the conclusion that DNA synthesis in endothelial cells of the (mouse) myocardium continues throughout life (Engerman et al., 1967) . Whereas, 3 H-thymidine labeling of endothelial cells declines sharply during the first 3 months of life, labeled nuclei were found consistently in all age groups studied. The slightly higher labeled index in 12-month old SHR, compared to WKY, represents a significant difference. Even though the rate of capillary proliferation did not increase to the levels evident during early postnatal growth, the increased rate could, over a period of months, contribute to a substantial capillary growth. This finding supports the data which indicate a normaHzation of CSA and CD during a period of stabilized myocardial cell growth. However, the mechanism for enhanced capillary proliferation remains elusive.
Myocardial Cell Growth, ICD, and Diffusion Distance
Intercapillary distance (ICD) as defined in this study corresponds to minimum ICD as described by , and therefore represents an anatomical, rather than "functional," distance. The values we obtained in diastole-arrested, perfuse-fixed hearts are similar to those reported in in vivo rat preparations when based on left ventricular weight (Henquell et al., , 1977b .
It has been reported that minimal ICD increased by an average of 2.44 jum in rats with a 43% increase in left ventricular weight due to unilateral nephrectomy (Henquell et al., 1977) . The maximum mean increase in our study occurred during peak hypertrophy in 7-month-old SHR, but was only 1.1 /im. Left ventricular weight and fiber diameter increased by 30% and 24%, respectively, when compared to the age-matched controls. Since fiber diameter was 5.5 /im larger in SHR than in WKY but ICD increased by only 1.1 ^im, it is evident that capillary growth, although less than proportional to the increase in cell size, minimized the decrement in ICD.
Diffusion distance in itself may not be critical to ventricular dysfunction in hypertrophy. ICD, as well as diffusion distance, represents an index that is based solely on longitudinally oriented capillaries. Despite the fact that cardiac hypertrophy in 7-month-old SHR caused a relatively small increase in ICD and a 12.5% decrement in CD, CSA decreased rather markedly, i.e., 25%. Indeed, even in 2.5-month-old SHR, CSA was already significantly reduced prior to a significant reduction in CD. Thus, the total capillary surface area in comparison to diffusion distance undergoes a rather profound decrease during hypertrophy.
These anatomical data suggest that the coronary vascular reserve is significantly decreased with peak cardiac hypertrophy in SHR. Since approximately 50-75% of the capillaries in the rat left ventricle are perfused at rest Henquell et al., 1977) , less than half of the capillary bed is available for recruitment. Although hypertrophy significantly reduces CD and increases ICD, the reduction in the total capillary bed appears to be of a greater magnitude because CD and ICD are based entirely on longitudinally oriented vessels. In the absence of the neoformation of anastomotic channels, the blood supply to a single myocardial cell would invariably be reduced by a greater magnitude than can be accounted for by the changes in CD and ICD.
In contrast to peak cardiac hypertrophy, stabilization of hypertrophy permits adequate growth of the capillary bed and the normalization of all anatomical parameters. Such compensatory growth probably occurs in other vessels as well. Unpublished data from our laboratory indicates that minimal coronary vascular resistance is increased during peak hypertrophy in SHR, but drops to WKY values with the stabilization of hypertrophy. Such hemodynamic data tend to support the contention that vascular growth during stabilized hypertrophy is substantial enough to reverse the changes associated with the previous growth in muscle mass. Therefore, it appears that both the capillaries and resistance vessels may be similarly affected by the development and stabilization of left ventricular hypertrophy.
